Introduction: The proximity of the roots of the posterior maxillary teeth to the maxillary sinus is a constant challenge to the dental practitioner. Because the majority of studies have assessed the relationship regarding molars, the present study focused on premolars. Methods: Cone-beam computed tomographic images of 192 patients were reconstructed in sagittal, coronal, and axial planes to quantify the distances between the root apices of the maxillary premolars and the adjacent maxillary sinus. Measurements were taken for each root, and data were correlated with age, sex, side, and presence of both or absence of 1 of the 2 premolars. Results: A total of 296 teeth (177 first and 119 second premolars) were evaluated. The mean distances from buccal roots of the first premolars to the border of the maxillary sinus in the sagittal, coronal, and axial planes ranged from 5.15 AE 2.99 to 8.28 AE 6.27 mm. From palatal roots, the mean distances ranged from 4.20 AE 3.69 to 7.17 AE 6.14 mm. The mean distances of second premolars were markedly shorter in buccal roots between 2.32 AE 2.19 and 3.28 AE 3.17 mm and in palatal roots between 2.68 AE 3.58 and 3.80 AE 3.71 mm, respectively. The frequency of a premolar root protrusion into the maxillary sinus was very low in first premolars (0%-7.2%) but higher in second premolars (2.5%-13.6%). Sex, age, side, and presence/absence of premolars failed to significantly influence the mean distances between premolar roots and the maxillary sinus. Conclusions: Based on the calculated mean distances of the present study, only few premolars (and if so second premolars) would present a risk of violating the border of the maxillary sinus during conventional or surgical endodontic treatment or in case of tooth extraction. (J Endod 2014;40:1541-1548 
T he anatomic relationship between the teeth and the maxillary sinus has been a constant challenge in dentistry, in particular for nonsurgical and surgical endodontics as well as for extraction or surgical removal of posterior maxillary teeth (1) (2) (3) . Furthermore, periradicular and periodontal pathoses originating from posterior maxillary teeth may spread into the maxillary sinus (4) (5) (6) (7) (8) .
A very small maxillary sinus is present at birth, but it gradually increases in volume in adolescents and young adults. At about the age of 12 years, the sinus floor is level with the nasal floor. Around the age of 20 years, the floor of the maxillary sinus is situated 5 mm inferior to the nasal floor (9) . A computed tomographic (CT) study reported that the growth of the maxillary sinus continues until the third decade in males and the second decade in females (10) . Often, the floor of the maxillary sinus expands (sinus recesses) between the roots of the posterior teeth, resulting in a close proximity of roots and sinus. Radiographically, the roots may appear to penetrate the floor of the maxillary sinus and protrude into the antrum, but, in fact, it is the maxillary sinus that has extended around the roots (pneumatization of alveolar process).
In general, panoramic radiography is an unreliable method for determination of the topographic relationship between posterior teeth and the maxillary sinus (3, 11) . Therefore, recent studies have focused on using CT (4, 12, 13) or cone-beam computed tomographic (CBCT) imaging (14) (15) (16) (17) (18) for assessing the proximity between the roots and the sinus floor.
Some of the studies mentioned previously have limited their research to molars (4, 14, 17) . Therefore, the primary objective of the present study was to perform a detailed analysis of the radiographic relationship between the apices of maxillary premolars and the floor of the maxillary sinus using CBCT imaging. The secondary objective was to correlate the data with age, sex, side of evaluation, and status of premolars. maxillofacial (>100 cm 2 ). The data were reconstructed with slices at an interval of 0.5 mm, which were positioned parallel to the horizontal plane of the posterior maxillary alveolar crest. Subsequently, the roots of the premolars were identified, and for each root, the sagittal, coronal, and axial planes for measurements were determined as follows:
1. Sagittal image: Through the central long axis of the root (anteroposterior orientation) 2. Coronal image: Through the central long axis of the root (mediolateral orientation) 3. Axial image: Through the apex of the root (horizontal orientation)
The CBCT images were evaluated on a Dell 380 Precision workstation (Dell SA, Geneva, Switzerland) and a 19-inch Eizo Flexscan monitor with a resolution of 1280 Â 1024 pixels (Eizo Nanao AG, W€ adenswil, Switzerland). The following analyses and measurements (primary objectives) were performed using specialized computer software (i-Dixel, Version 2.0.4, Morita): In addition, the sex and age of each patient were recorded as well as the side of evaluation and the presence/absence of 1 of the 2 premolars to correlate these data with the obtained radiographic measurements (secondary objectives).
Statistics
All data were first analyzed descriptively. To detect significant differences between distances of the buccal versus palatal premolar apices to the border of the maxillary sinus for sagittal, coronal, and axial CBCT scans, nonparametric longitudinal analysis of variance analyses were used. To detect significant differences between the distances of the premolar apices (pooled data sets) to the border of the maxillary sinus and sex, age, side of evaluation, and presence/absence of 1 of the 2 premolars, nonparametric analysis of variance analysis was performed for longitudinal data according to the method described by Brunner et al (19) . For the statistical analysis of the frequency of root positions relative to the sinus, Fisher exact tests were used. The analyses were explorative in nature; thus, no correction for multiple testing was applied. For the statistical analysis, the Internet-based R software package (R 2.15.1; http://www.r_project.org; The R Foundation for Statistical Computing, Vienna, Austria) was used. Furthermore, the extension packages exac-tRankTests and nparLD were used.
Results
A total of 296 premolars were assessed in 192 patients (males: 42.7%, females: 57.3%) who had a mean age of 58.4 AE 20.5 years (range, 19-81 years). The evaluation per situations (n = 202) showed that both premolars were present (46.5%), only the first premolar was present (41.1%), or only the second premolar was present (12.4%) ( Table 1 ). Among the evaluated premolars, 59.8% were first premolars, and 40.2% were second premolars ( Table 2) . A total of 407 roots were observed with 405 analyzed roots. The most frequently assessed roots were buccal roots of first premolars (43.5%). Two first premolars each presented an accessory buccal root (Table 3) , which were excluded in the present analysis.
Primary Objectives
In the sagittal plane, the mean distances from the buccal and palatal roots of the first premolars to the floor of the maxillary sinus were 5.15 AE 2.99 mm and 4.20 AE 3.69 mm, respectively (Tables 4-6). The palatal roots were about 1 mm closer to the maxillary sinus floor than the buccal roots, which was statistically significant (P = .002). The values for the second premolars were 2.32 AE 2.19 mm and 2.68 AE 3.58 mm, respectively (P = .86). In the coronal plane, the mean distances from the buccal and palatal roots of the first premolars to the floor of the maxillary sinus were 8.28 AE 6.27 mm and 7.17 AE 6.14 mm, respectively. The palatal roots were again about 1 mm closer to the maxillary sinus floor than the buccal roots (P = .08). The values for the second premolars were 3.28 AE 3.17 mm and 3.69 AE 4.51 mm, respectively (P = .89). In the axial plane, the mean distances from the buccal and palatal roots of the first premolars to the floor of the maxillary sinus were 5.86 AE 3.54 mm and 5.71 AE 3.89 mm, respectively (P = .86). The values for the second premolars were 2.40 AE 2.71 mm and 3.80 AE 3.71 mm, respectively (P = .07).
Secondary Objectives
In males, premolar roots were on average situated closer to the maxillary sinus than in females irrespective of the assessed root and the CBCT plane but without reaching statistical significance (P = . 19 for sagittal values; P = .32 for coronal values; P = .11 for axial values) ( Tables 7 and 8 ). Regarding age, no consistent pattern was observed for the minimum distances between root apices and the border of the maxillary sinus comparing the mean values of the different age groups (P = .11 for sagittal values, P = .24 for coronal values, and P = .10 for axial values). With respect to the side analysis, mean distances on the patient's right side tended to be greater in the sagittal plane but shorter in the other planes compared with the left side. Yet, the differences were not statistically significant (P = .68 for sagittal values, P = .17 for coronal values, and P = .63 for axial values). Concerning the presence or absence of premolars, the mean distances tended to be greater if both premolars were present but without reaching statistical significance (P = .20 for sagittal values, P = .86 for coronal values, and P = .57 for axial values). Descriptively, the following constant findings were observed: when the second premolar was missing, the mean distances between root apices of first premolars and the sinus floor were always shorter (irrespective of the CBCT plane) compared with the situation with both premolars present (differences of means ranged between 0.49 and 1.0 mm). In contrast, when the first premolar was missing, the mean distances between the root apices of second premolars and the sinus floor were always greater (irrespective of the CBCT plane) compared with the situation with both premolars present (differences of means ranged between 1.24 and 1.68 mm).
Frequency Analysis
The majority of first premolar buccal apices (97.7%-99.3%) and palatal apices (92.2%-92.9%) were located outside of the confines of the maxillary sinus (Tables 9 and 10 ). The corresponding percentages were lower in second premolars (89%-94.1% for buccal apices and 76.0%-86.4% for palatal apices, respectively). Significant differences were found comparing the location of palatal versus buccal roots of the first premolars relative to the sinus border in coronal (P = .03) and axial planes (P = .01) but not in sagittal planes (P = .08). For the second premolars, the location of palatal versus buccal roots of the first premolars relative to the sinus border was significantly different for sagittal (P = .02) and coronal planes (P = .02) but not for axial planes (P = .72). When comparing the first with the second premolars, the location of buccal roots exhibited statistically significant differences only in axial planes (P = .003) but not in sagittal (P = .07) and coronal planes (P = .08). For palatal roots, only sagittal planes were significantly different (P = .03), but neither coronal (P = .12) nor axial planes (P = .39).
Discussion
The present radiographic study aimed at measuring the distances between the root apices of maxillary premolars and the floor of the maxillary sinus using reformatted CBCT images. Premolars have traditionally not attracted the same attention compared with molars regarding their proximity to the floor of the sinus. That may be explained by the fact that teeth most frequently associated with oroantral communication in exodontia are first or second molars (1, 20) . However, several studies have documented the mesial extension of the maxillary sinus above or even beyond the first premolar, highlighting the possibility of a close relationship also between premolars and the floor of the antrum (21, 22) . Kim et al (21) assessed the mesial extension of the maxillary sinus in 33 hemisectioned cadaver heads using CT reformatted panoramic views of 24 sides. In 58% of specimens, the anterior limit of the maxillary sinus was located in the first premolar area, in 33% in the canine area, and in 8% in the second premolar area. Kopecka et al (22) evaluated 583 panoramic radiographs of edentulous maxillae. In 14 cases (2.4%), the anterior border of the maxillary sinus was above the canine, in 565 cases (96.9%) it was above the first premolar, and in the remaining 4 cases (0.7%) it was above the second premolar.
Analyzing the data regarding measurements between the premolar roots and the floor of the maxillary sinus floor, the following statements can be made:
1. The mean distances of first premolars were always greater than those of second premolars irrespective of the root, side, or plane (except the comparison of palatal roots in the axial plane on the left side, but n = 7 was low). The greatest difference of any data set amounted to 5.60 mm comparing buccal roots of the first and second left premolars in the coronal plane (8.57 mm vs 2.97 mm). 2. In the first premolars, palatal roots were always located closer to the sinus than buccal roots in any plane. In second premolars, the same finding was observed on the right sides, but on the left sides the palatal roots were located further away from the sinus than the buccal roots. This might be explained by the fact that some of the palatal roots of the left second premolars were very short. 3. Measurements obtained in the coronal planes were always greater than those in the sagittal planes for all roots and sides. This is explained by the fact that usually the most inferior point of the maxillary sinus is located in the first molar area with the sinus floor gradually ascending anteriorly over the premolars. Thus, the shortest distance from the apex to the sinus on the sagittal image was mostly taken in an oblique direction, but the corresponding coronal section was perpendicular relative to the sagittal section, explaining the higher values of measurements obtained with coronal images. 4. The same observation was made comparing axial and sagittal measurements with higher values in the axial plane (except for the left buccal roots of the second premolars), showing that the maxillary sinus is closer to the premolar apices in the vertical than in the horizontal dimension. 5. Comparing coronal and axial measurements, coronal values were always higher than axial values except for the left and overall palatal roots of the second premolars, reflecting the fact that the maxillary sinus moves away from the root apices (pyramidal shape of maxillary sinus with its base medially [lateral wall of nasal cavity] and its apex laterally [zygomatic bone]).
Previous radiographic studies providing data about the position of posterior roots relative to the floor of the maxillary sinus have used panoramic radiographs (16) , CT scans (4, 12, 13), or CBCT imaging (14-18) (Table 11 ). However, the reliability of panoramic radiography in the prediction of root position/root projection of posterior maxillary teeth with respect to the maxillary sinus has been shown to be doubtful (3, 11) . Sharan and Madjar (11) compared paired panoramic radiographs and CT scans of 80 subjects regarding the concordance of root position (second premolars and first and second molars) relative to the sinus floor. Only 39% of the roots that projected on the sinus cavity in panoramic radiographs also showed protrusion into the sinus with CT imaging. (For second premolars, the rate was 33.3%.) The mean projection length in the panoramic radiographs was 3.1 AE 2.54 mm compared with 1.5 AE 1.50 mm in CT scans (P < .001).
Of the summarized studies in Table 11 , only few investigations have provided metric measurements for premolar distances to be compared with the data of the present study. In fact, only 2 studies used a similar methodology (CBCT imaging) to measure the distances between premolar roots and the sinus floor (15, 16) . Kilic et al (15) used coronal CBCT planes and reported a mean distance of 8.42 mm (right side) and 6.58 mm (left side) for first premolars and 3.75 mm (right side) and 3.73 mm (left side) for second premolars. However, as shown in the present study, the use of only coronal measurements may provide overestimated distances and not the true shortest distance between the root apex and sinus floor. Georgescu et al (16) only included premolars with fused roots and measured the distances on reformatted panoramic and cross-sectional CBCT images. The mean distances between first premolars and the sinus floor amounted to 6.35 mm (panoramic view) and 7.56 mm (cross section), and between the second premolars and the sinus floor, it was 4.5 mm (panoramic view) and 4.64 mm (cross-section), respectively. These data also confirm the higher values obtained in coronal (cross-section) compared with sagittal (panoramic) planes. Metric measurements between maxillary roots and adjacent anatomic structures obtained with CBCT imaging are considered accurate. Howe (14) assessed the concordance of CBCT and gross dissection measurements for dimensions of maxillary bone in 69 maxillary first molars of 37 cadaver specimens. The data sets displayed a Pearson correlation coefficient of r = 0.85 with a positive bias for CBCT imaging of 0.4 mm.
Regarding the frequency of a premolar root protruding into the maxillary sinus, Sharan and Madjar (11) reported such a finding in 8.3% of second premolars for coronal CT scans. (The first premolars were not evaluated.) Much lower figures were reported for root protrusions of first (0%) and second premolars (0.9%) in a CBCT study of 50 patients (18) . In the present study, the first premolar roots protruded into the sinus cavity in 0%-0.6% of buccal roots and in 0%-3.1% of palatal roots depending on the reformatted CBCT plane. Root protrusions of second premolars were observed more frequently with 2.5%-7.7% in buccal and 8.7%-13.6% in palatal roots, respectively.
Comparing the calculated mean distances and the secondary study parameters, no statistically significant correlations were found. However, males tended to have their premolar roots closer to the maxillary sinus compared with females. This observation may be explained by the fact that premolar roots are generally longer in males than in females, and the maxillary sinus on average presents larger dimensions in males than in females (21, 23, 24) . An invariable observation was that the absence of 1 premolar influenced the mean distance between the root and the maxillary sinus in the other premolar. In 25 situations with the first premolar missing, the mean distance between the second premolar and the maxillary sinus was greater compared with when both premolars were present. Because only 4 second premolars (16%) had migrated anteriorly into the position of the first premolar, the anterior position of the second premolar could only partly explain those findings. The opposite was found in the first premolar when the second premolar was missing with shorter mean distances between the first premolar and the maxillary sinus. Removal, loss, or agenesis of the second premolar may have either resulted in an expansion of the maxillary sinus or a more anterior position of the first molar, accounting for the closer position of the maxillary sinus floor to the first premolar. An issue not addressed in the present study was whether subjects had any history of orthodontic treatment. External root resorption (blunting) caused by orthodontics may also affect the measured distances from root surfaces to the border of the maxillary sinus. 
